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ABSTRACT: The complexes [Ru(qpy)LL′] 2+ (qpy = 2,2′:6′,2″:6″,2‴-quaterpyridine), with 1: L = acetonitrile, L′= chloride; 2: L = L′= acetonitrile; and 3: L = L′= vinylpyridine, have been prepared from [Ru(qpy) (Cl) 2 ]. Their absorption spectra in CH 3 CN exhibit broad metal-to-ligand charge transfer (MLCT) absorptions arising from overlapping 1 A 1 → 1 MLCT transitions. Photoluminescence is not observed at room temperature, but all three are weakly emissive in 4:1 ethanol/methanol glasses at 77 K with broad, featureless emissions observed between 600 and 1000 nm consistent with MLCT phosphorescence. Cyclic voltammograms in CH 3 
■ INTRODUCTION
The molecular approach to artificial photosynthesis holds significant promise for harnessing solar energy to generate solar fuels. 1−7 A primary target is water splitting to dioxygen with the released four electrons and four protons used at the reductive electrode to generate hydrogen or to reduce carbon dioxide. Challenges in water oxidation catalysis stem from the thermodynamic and mechanistic requirements for O···O bond formation and the 4e − /4H + nature of the reaction. Despite these hurdles, multiple molecular water oxidation catalysts (WOCs) have been developed 8 including a plethora of Ru(II) polypyridyl complexes with carboxylate, carbene, and (benz)imidazole ligands. 9, 10 Although the majority of catalysts have a coordinated water bound as a ligand to Ru(II), coordinatively saturated examples have also been reported. 11−16 Ru(II) complexes with a tetradentate ligand have been shown to be efficient photosensitizers for dye-sensitized solar cells, 17 with the same ligand used for water oxidation. 18 Recently Thummel and coworkers reported that [Ru(dpp)(pic) 2 ] (dpp = 2,9-di(pyrid-2′-yl)-1,10-phenanthroline; pic is picoline, pmethylpyridine) is an active catalyst with Ce IV as the oxidant. 15 Lau et al. demonstrated that [Ru(qpy)(pic) 2 ] 2+ (qpy = 2,2′:6′,2″:6″,2‴-quaterpyridine) is oxidized by Ce IV to form a qpy-N,N‴-dioxide complex, which acts as a water oxidation catalyst. 19 The bis-aqua form of this complex has been studied by Che et al., and its properties as an alcohol oxidation catalyst have been reported. 20 We report here the synthesis and characterization of salts of three new water oxidation candidates based on the {Ru(qpy)} motif, [Ru(qpy)(CH 3 (3) with vpy = para-vinylpyridine (Scheme 1). Complexes 1 and 2 were the initial targets as synthetic precursors due to their facile syntheses and the lability of the coordinated acetonitrile ligand upon oxidation to Ru(III) 21 which provides an efficient route to the diaqua catalyst reported by Che et al. In complex 3, the addition of the trans-vpy ligands provides a basis for forming redox-active films on conductive substrates by reductive electropolymerization. 21−24 The synthetic procedure is outlined in Scheme S1. H NMR spectra were recorded with a 600 MHz Bruker spectrometer with chemical shifts referenced to the solvent residue peak. Electronic absorption spectra were collected on an Agilent 8453 UV−vis-NIR spectrophotometer and corrected for the background spectrum of the solvent. Elemental analyses were performed by Atlantic Microlabs (Norcross, GA).
■ EXPERIMENTAL SECTION
Cyclic voltammetry was performed on 1 mM solutions of each complex by using a CH Instruments 660A potentiostat outfitted with a conventional three electrode setup consisting of a glassy carbon working electrode, a platinum wire auxiliary electrode, and a reference electrode. For aqueous 0.1 M trifluoroacetic acid solutions, the reference electrode was Ag/ AgCl (BASi, 3 M NaCl, 0.209 V vs NHE). For acetonitrile solutions, the same Ag/AgCl reference electrode was used and 0.1 M tetrabutylammonium hexafluorophosphate was added as supporting electrolyte.
Steady-State Emission at 77 K. For each complex, a millimolar amount was dissolved in 4 mL of a 4:1 ethanol/ methanol mixed solvent. Each solution was added to a separate NMR tube (quartz, 5 mm diameter, 1 mm wall thickness, Wilmad). Once filled with solution, each NMR tube was inserted into a coldfinger dewar with sufficient liquid nitrogen to completely submerge the solution. Safety note: Consult the MSDS and take adequate precautions, for example, safety goggles and cryogenic gloves when handling liquid nitrogen to avoid severe burns. Care was taken to ensure that a crack-free alcohol glass resulted upon cooling to 77 K. If cracks were observed, the solution was warmed and then cooled again until a high-quality glass was achieved. Luminescence spectra (600−950 nm, every 1 nm, 0.2 s integration time, three averages) were collected at 77 K by inserting the NMR tube/liquid nitrogen coldfinger dewar into an Edinburgh FLS-920 emission spectrophotometer equipped with a thermoelectrically cooled (−20°C) photomultiplier tube (R2658P, Hamamatsu). Visible excitation was provided by a 450 W Xe source focused into a monochromator. Spectral bandwidth for both emission and excitation monochromators was fixed at 10 nm. A 320 nm long pass filter was placed in the path of the excitation beam just before the sample to avoid UV photoexcitation arising from second-order grating effects. A 570 nm long pass filter was placed between the sample and the emission monochromator to avoid stray light and second-order grating effects from visible excitation light scattered from the curved surfaces of the glassware. Resulting spectra were corrected for the transmission of both the 570 nm long pass filter and the spectral response of the system. Spectral correction factors were collected in a separate experiment using a NIST-traceable standard tungsten lamp. Spectra of the mixed alcohol glass, free of complex, were subtracted from those with complex. Although a coldfinger dewar was used, a steady stream of gas nitrogen bubbles was generated as liquid nitrogen boiled. This phenomenon led to increased noise in blank-subtracted spectra despite efforts to minimize its severity. Furthermore, quantitative blank subtraction was problematic, owing both to boiling nitrogen and to small variations in sample placement. Excitation light intensity fluctuations were monitored by directing a small fraction of the excitation beam, via a beamsplitter, onto a Si reference detector. The signal from the Si reference detector was used to correct for any excitation light intensity fluctuations. To prevent condensation buildup on the outside of the liquid nitrogen dewar, we used tygon tubing to direct gas nitrogen into the instrument to minimize water vapor. Data shown are the result of at least two trials of sample preparation and data collection. Aliquots from independent syntheses of the same complex were used as an additional check of data and sample integrity.
Photoluminescence Spectral Fitting. In preparation for spectral fitting, observed emission spectra corrected for instrument spectral response were expressed in wavenumbers with intensities converted to units of quanta per second by multiplication by the square of the wavelength. 27 The transformed spectra were fit to the single average mode, Franck−Condon expression in eq 1.
In this expression, E 0 is the energy difference between the lowest energy 3 MLCT excited state and the ground state, ν Δ̃0 ,1/2 is the full width at half-maximum (fwhm) of the Gaussian-broadened 0−0 vibronic component, ℏω M is the quantum vibrational energy spacing of the single acceptor mode of medium frequency, and S M is the Huang−Rhys factor or electron-vibrational coupling constant, which is a measure of the change in equilibrium normal coordinate between excited and ground state. With ℏω M fixed at 1350 cm −1 , the three variable parameters E 0 , ν Δ̃0 ,1/2 , and S M were iteratively optimized until a global minimum was reached by the use of a trust-region-reflective, least-squares algorithm carried out with custom software written and executed in MatLab (The MathWorks, version R2014b). The summation included 11 vibrational levels (ν M = 0 → 10).
Time-Resolved Photoluminescence at 77 K. Timecorrelated single photon counting (TCSPC) measurements were obtained by using the Edinburgh FLS-920 spectrophotometer previously mentioned. Rather than Xe lamp excitation, an EPL-445 pulsed diode laser (444 nm, ∼100 ps fwhm, 2 us or 5 us as needed pulse period, ∼20 nJ/pulse, 2 mm beam diameter) was used as the excitation source. The instrument response function was collected by tuning the emission monochromator close to the laser wavelength and was found to be ∼5 ns fwhm. The TCSPC electronics (PCS900 and TCS900 data acquisition boards) were set to define 0.9766 or 1.221 ns/channel over either a 1, 2, or 5 us window, as needed. The timing sequences were begun by electronic pulses triggered by the laser pulses, while the stop pulses were triggered by detected photons. Care was taken to ensure that stop pulses were recorded for <5% of start pulses to avoid counting/timing errors. First-order rate constants were determined by using the tail-fitting algorithm in the Edinburgh The Journal of Physical Chemistry A Article F900 software by including only data outside the time window of the instrument response function. At least 10 000 counts were accumulated in the channel with the maximum counts. Data shown are the result of at least two trials of sample preparation and data collection. Aliquots from independent syntheses of the same complex were used as an additional check of data and sample integrity.
Synthesis. For reference, the protons of the qpy ligand are lettered from a−g, as shown in Scheme S2.
[ 4 were placed into a flask equipped with a stir bar and evacuated and refilled with N 2 three times. Following the addition of 15 mL of dry acetonitrile, the reaction was heated at reflux overnight. The solution was cooled to room temperature and filtered, and the solvent was removed in vacuo. The complex was purified using size exclusion chromatography with 1:1 acetonitrile/water as eluent. The purple fraction was collected and dried yielding a purple powder. 4 were placed in a flask equipped with a stir bar. The flask was evacuated and refilled with N 2 three times. Following the addition of 15 mL of dry acetonitrile, the reaction was heated at reflux overnight. The solution was cooled to room temperature and filtered, and the solvent removed in vacuo. The complex was purified using size exclusion chromatography with 1:1 acetonitrile/water as eluent. The second fraction from the column was collected and the solvent was removed in vacuo, affording a dark red powder. ] and 0.65 mL of (50 equiv, 6.0 mmol, 654 mg) paravinylpyridine were heated at reflux in 10 mL of ethanol and 3 mL of H 2 O for 2 days. The reaction was then allowed to cool to room temperature and the solvent wasremoved in vacuo. The resulting solid was dissolved in 1:1 methanol/water and purified using size exclusion chromatography with 1:1 methanol/water as the eluent. The dark purple fraction was collected and the solvent was removed in vacuo, affording a dark purple powder. 26 Following dissolution of the complex in deuterated DMSO for NMR characterization, it was possible to observe exchange of the chloride ligands for DMSO, as previously reported.
Complexes 1 and 2 were prepared under air-free conditions in the dark. 1 equiv of [Ru(qpy)(Cl) 2 ] and 1 equiv of AgBF 4 (for 2, excess AgBF 4 was used) were placed under a nitrogen atmosphere with the container covered in aluminum foil. Anhydrous acetonitrile was added and the mixture was heated at reflux overnight. Complex 2 formed as a minor byproduct in the synthesis of 1; the complexes were purified by size exclusion chromatography using acetonitrile/water (1:1) as the eluent. After drying in vacuo, the products were obtained: 1 as a purple powder in moderate (50%) yield and 2 as a red powder in excellent (85%) yield. Although the AgBF 4 was weighed out as carefully as possible and the reaction was repeated a number of times, it was not possible to improve the yield of 1 as the formation of 2 was unavoidable.
Complex 3 was synthesized by heating excess 4-vinylpyridine and [Ru(qpy)(Cl) 2 ] at reflux in an ethanol−water mixture for 2 days. The complex was purified by size-exclusion chromatography using methanol/water (1:1) as the eluent. Evaporation of the solvent afforded a dark-purple powder in good (75%) yield.
The complexes were characterized by using ESI−MS, 1 H NMR spectroscopy, and elemental analysis. A molecular mass peak corresponding to [M] + was observed for 1, where the ruthenium atom was in the +3 oxidation state. For complexes 1 and 2, it was possible to observe the peak corresponding to the loss of one anion; a peak assigned to the loss of both anions was present for all complexes. A peak corresponding to the loss of one anion and one vinylpyridine ligand was present in the ESI− MS spectrum of 3.
Proton NMR spectra of 1 and 2 in deuterated acetonitrile, Figure 1 , were assigned by using COSY spectra (data not shown) starting with H a (see Supporting Information Scheme S2), which has a characteristic shift as it points toward the Ru(II) center. The signals of 1 are shifted downfield compared with those of 2 due to the electron-withdrawing nature of the chloride ligand. If an acetonitrile solution of 1 was left to stand 
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Article for a number of hours, additional features appeared in the 1 H NMR spectrum. Comparison of the spectrum of this aged solution with spectra of fresh solutions of 1 and 2 reveals that 1 converts to 2 by exchanging the chloride ligand for acetonitrile over time (Figure 1) . The 1 H NMR spectrum of 3 in deuterated acetonitrile ( Figure S1 ), exhibits signals characteristic for the AA′XX′ pattern of vinyl groups along with a strong trans-coupling (17.6 Hz) between the signal at δ 6.51 and that at 5.93 ppm. This is in agreement with observations by Thummel et al. for their [Ru(dpp)(vpy) 2 ] complex. 26 Elemental analysis confirmed the purity of complexes 1−3.
Electronic Absorption Spectra. UV−visible absorption spectra for complexes 1−3 in acetonitrile are presented in Figure 2 . In the visible spectral region, all three complexes exhibit broad absorption bands as a consequence of overlapping 1 A 1 → 1 MLCT transitions. 33−35 For complexes 1 and 2, which each have only one π-acceptor ligand, the observed visible absorption bands arise from t 2g → π*(qpy) transitions. In contrast, 3 has two π-acceptor ligands and so the MLCT bands are a mix of t 2g → π*(qpy) and t 2g → π*(vpy) transitions. The MLCT absorbance of 2 is narrower and blue-shifted with respect to 1 and 3. The absorption profile of 3 in the MLCT region (∼350−700 nm) compares well with that of [Ru(dpp)-(vpy) 2 ] 2+ first reported by Thummel et al. 26 High-energy absorptions are also observed in the spectra of 1 and 2 due to π → π* and n → π* transitions ascribed to the qpy ligand with peaks centered around 290, 325, and 340 nm. In the spectrum of 3, the broad absorption centered at 375 nm is due to the vinylpyridine ligand. Absorption maxima and molar extinction coefficients are summarized in Table 1 .
Steady-State Emission. As previously observed for related complexes, 26 1−3 in fluid solution are nonluminescent at room temperature due to competitive nonradiative decay pathways arising from the quaterpyridine acceptor ligand. In 4:1 ethanol/ methanol frozen glasses at 77 K, all three complexes become weakly emissive upon visible MLCT excitation, with results summarized in Table 2 and Figure 3 . The luminescence spectra of the complexes exhibit broad, featureless bands that generally lie between 600 and 1000 nm with maxima at 770, 690, and 750 nm for 1, 2, and 3, respectively, consistent with phosphorescent MLCT excited states, for example, 3 [Ru III (qpy •− )(vpy) 2 ] 2+ *. Excitation spectra were overlays of MLCT absorption spectra for each complex. Excitation at multiple wavelengths spanning the visible absorptions resulted in qualitatively similar photoluminescence spectra, Figures S2−S4 , with the emission intensities proportional to the relative absorbances at those wavelengths and notable decreases in emission upon UV/near-UV π → π* excitation consistent with less than unity interconversion between ligand-based ππ* and the lowest MLCT states.
The emission energy for chloro complex 1 occurs at the lowest energy of the three complexes (Table 2 and 36 well-defined vibronic structure is not observed in the low-temperature spectra.
Emission Spectral Fitting. Parameters derived from single-mode, Franck−Condon analysis (see Experimental Section) of emission spectra for 2 and 3 are shown in Table  3 , with the corresponding fits shown in Supporting Figures S8 and S9 in the Supporting Information. In the fits, the quantum spacing was fixed at 1350 cm −1 . Spectral fitting was not possible for 1 due to inaccurate background subtraction of the data.
With the limited data set, detailed correlations are not possible, but it is notable that E o and the excited-state energy gap are decreased for the vpy complex, as expected for the ligand effects of the auxiliary trans ligands. The decrease in energy gap is paralleled by decreases in the electron-vibrational coupling constant, S M, and intramolecular reorganization energy, S M ℏω M , 32 the latter by 405 cm Figures S5−S7) . Emission decays for 1 and 3 were first-order but were complex and monitoring-wavelength-dependent for 2, perhaps due to inefficient ππ*-MLCT interconversion. The lifetimes, listed in Table 2 , are significantly shorter than those for analogous Ru(II) polypyridyl complexes with 2,2′-bipy as the acceptor ligand. 37, 38 Excited-state lifetimes are dictated by the sum of lifetimes for radiative (τ r = 1/k r ) and nonradiative decay (τ nr = 1/k nr ) with τ = (k r + k nr ) −1 and, given the relatively weak emission intensities, τ = k nr −1 . For related Ru(II)-bpy complexes, in the absence of significant contributions to k nr from dd state decay, linear correlations are commonly observed between ln(k nr ) and E 0 , consistent with the energy gap law. 39−42 Again, there are too few data to explore a related correlation for the qpy complexes, but the emission decay kinetics are qualitatively similar for 1 and 3 and, given the weak emissions, there may be a significant contribution to nonradiative decay through population and decay from low-lying dd states accessible in the strained coordination environment of the qpy ligand.
Electrochemistry. The redox properties of 1−3 were investigated at room temperature in acetonitrile by cyclic voltammetry measurements (Figure 4 ). E 1/2 values for the Ru III/II couples versus Ag/AgCl reference (0.209 V vs NHE) are listed in Table 4 . Again, the E 1/2 values vary as expected with the nature of the electron-donating and π*-acceptor ability of the auxiliary trans ligands. For complexes 1 and 2, the Ru(III/ II) redox wave was fully reversible with the E 1/2 of 1 decreased in potential relative to 2 due to the increased electron-donating nature of chloride relative to acetonitrile. The CV of 3 exhibited behavior consistent with a chemical reaction induced by oxidation of 3 at the electrode, based on literature precedent, presumably involving polymerization of the vinyl ligands or oxidatively induced reaction with the glassy carbon electrode, leading to irreversibility particularly at slower scan rates. Visual inspection of the glassy carbon working electrode following multiple scans with 3 in solution revealed the formation of a film, providing further indication of polymerization/surface reaction occurring at the glassy carbon electrode surface.
Upon dissolution of 1 in 0.1 M TFA solution, redox couples (Supporting Figure S10) appear at E 1/2 = 0.58, 0.87, and 1.09 V in cyclic voltammograms (CVs) in the range 0−1. 4 2+ in 0.1 M TFA, a Ru(III/II) wave is observed at E 1/2 (Ru III/II ) = 0.98 V versus Ag/AgCl at either glassy carbon or boron-doped diamond working electrodes, a value nearly identical to the value observed in CH 3 CN (0.96 V vs Ag/AgCl). It is notable that the Ru(III/II) wave is more reversible in wave shape in 0.1 M TFA than in CH 3 CN, consistent with CH 3 CN acting as an inert solvent for sustaining C−C bond formation with the surface or during oxidative polymerization of the vinyl ligand. In 0.1 M TFA, an additional oxidative wave for 3 appeared at 0.54 V (Supporting Figure S11) at glassy carbon working The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpca.6b00317.
Proton assignments (H a -H g ) for the qpy ligand, the 1 H NMR spectrum of 3 along with the synthetic scheme, excitation-dependent emission spectra, emission spectral fits, time-resolved emission data with corresponding fits, and cyclic voltammograms for complexes 1−3. (PDF)
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